Inter-annual species variation in climate was also considered as an important factor involved in inter-annual variation in pollen incidence. In general, a positive correlation was observed with temperature, particularly average temperature. During each period, peak pollen counts occurred when the average temperature fell within the range of 22°C-23°C.
Introduction
Many different types of pollen are dispersed in the atmosphere. Pollen dispersal patterns in the atmosphere reflect the flowering phenology and pollen productivity of the regional flora. Their atmospheric presence and concentration were strongly influenced by meteorological, biological, and topographical factors. 1, 2 Because many airborne pollen are causative factors of several types of allergic disorders in the human population, aerobiological surveys have been carried out in most regions of the developed and developing world in the second half of the last century. [3] [4] [5] [6] [7] [8] [9] A number of aerobiological surveys have already been conducted in many Indian cities, including Lucknow. [10] [11] [12] [13] [14] As the composition of the ground vegetation is changing due to many anthropogenic causes such as urbanization as well as natural causes such as climate variations, aerospora is becoming altered. 15, 16 Hence, new surveys are mandatory to update the knowledge regarding prevailing atmospheric pollen grains. 17 A survey of airborne pollen grains of Lucknow was conducted as early as [1954] [1955] 18 and subsequent surveys were performed in 1969-1970 19 and 1980-1981. 20 All of these surveys were based on gravitational methods of sampling and therefore presented qualitative data of pollen incidence. A rotorod sampler working on impaction device was used for a one-year survey of aerospora in Lucknow in 1997. 21 The present survey was conducted to assess both the qualitative and quantitative status of airborne pollen grains in Lucknow using a volumetric sampler. Both diurnal and vertical gradients were used as the sampling was conducted three times daily at three different heights to analyze the periodical and vertical variation of airborne pollen for two consecutive years (August 2005-July 2007) to identify intra-and inter-annual variation of dominant aerial pollen in Lucknow.
Materials and methods

Study area
Airborne pollen monitoring was conducted for two consecutive years (August 1, 2005-July 31, 2007) at the National Botanical Research Institute, which is situated in the heart of Lucknow (80°59′E, 26°55′N), in the capital city of Uttar Pradesh, India ( Figure 1 ). Lucknow has a warm subtropical climate with cool, dry winters from December to February and dry, hot summers from April to June. The rainy season is from mid-June to mid-September. In winter, the maximum temperature is around 21°C and the minimum is 3°C to 4°C. Fog is quite common from late December to late January. Summers can be quite hot with temperatures rising to the 40°C to 45°C range.
Aerobiological survey: pollen collection, identification, and counting A daily pollen count was performed during two consecutive years (August 2005-July 2007) using a Burkard volumetric portable air sampler (Burkard Manufacturing, Rickmansworth, Hertfordshire, UK), which operates at a nominal air throughput of ten l/min. Glass slides were labeled and then prepared using a very thin film of a high-quality red-stained glycerin jelly to collect the pollen. The slide was then placed in the Burkard sampler and allowed to run for approximately 15 min each time daily at 10 am, 2 pm, and 5 pm at heights of 0.12 m, 3.048 m, and 9.144 m. The exposed area of the micro-slide was covered with 24 × 24-mm cover glass and analyzed under a light microscope (Olympus CM3 microscope; Olympus, Tokyo, Japan) with the reading method of parallel smear with tangential microscope fields. With this method, successive tangent fields positioned on four or five lines separated by a space of about 2 mm were examined at 400× magnification (10 × ocular lens and 40 × objective lens).
After counting the pollen grains in one field, the slide was moved to the next tangential field. The pollen grains were then calculated for the entire exposed sample area, and this calculation was the final pollen count. Depending on the number of lines counted and the diameter of each field, pollen concentration per cubic meter was calculated. For reference purposes, acetolyzed pollen grains 22 of identified taxa were prepared. Pollen types were identified to species level (if possible) or at the genus level and grouped by family. Pollen types were identified by comparison with slides from the palynotheca and pollen kits of the Palynology Division, NBRI, Lucknow, India. Bibliographies 22, 23 were also consulted for material identification.
Meteorological data
Daily maximum and minimum temperature, rainfall, and relative humidity (RH, %) from August 2005 to July 2007 were obtained from local weather information on the Website of the India Meteorological Department (http:// www.mausam.gov.in/WEBIMD/). Simultaneous computing of mean monthly temperature and RH was carried out to find the correlation matrix of the pollen count with the weather variables. For the correlation of pollen incidence with phenological corollary, a study of ground vegetation was conducted.
Statistical analysis
Statistical analysis was performed for the identification of year-wise or seasonal differences in pollen count based on different ground vegetation. Pearson correlation (r-squared value, ie, correlation coefficient) was also calculated using the linear equation y = mx + b in order to establish the correlation between yearly pollen counts. The analysis was performed for log 2 -transformed pollen counts data of all the species over two different years (between 12 months of 2 successive years, ie, 2005-2006 and 2006-2007) . The unsupervised pattern recognition technique, or principal component analysis (PCA) was conducted using SAS software (v. 9.1.3; SAS Institute, Cary, NC). PCA was performed on the raw pollen count data after centering and auto-scaling of the variables. 24 Through this approach, we were able to determine the variable discriminates between pollen grains for 14 and 11 major pollen types between 2005-2006 and  2006-2007, respectively. PCA was also used to derive the first principal components from the data, and used in further analysis to examine the grouping of samples, ie, pollen count from different species, outliers, and to visualize the relative distribution of the major pollen samples according to their dominance in the particular environment. PCA was performed on the matrix obtained from the standardized data for pollen counts during the major pollen peaks. The first principal component represented the largest portion of the variability of the original dataset, while the second principal component represents the second largest, and so on. 25 
Results
Pollen sums
Atmospheric pollen monitoring and subsequent microscopic analysis for 2 consecutive years confirmed two main pollen seasons in Lucknow, including spring and autumn; intra-and interannual variations of pollen incidence were also noted ( Figure 2 and Supplementary file 1). A total of 6089 pollen grains consisting of 92 types were recorded during [2005] [2006] . Of 92 pollen types, the pollen of ten plant taxa contributed more than 1% of total airborne pollen, with the rest present at lower frequencies ( Figure 3 ). Grass pollen grains were found to be major pollen contributors during [2005] [2006] , registering 25% of the total catch followed by Holoptelea (20%) and Morus (15%). 
Statistical analysis
Pearson correlation test We observed a nearly linear distribution for these two logarithmic transformed data (ie, log 2 transformation) ( Figure 5A and Supplementary file 2). The value was found to be 0.486, which is close to the expected correlation value of approximately 0.5 and follows a nearly linear equation. Further, it could also be inferred that there was no significant correlation ($0.5) between the measured values of total (Figure 2 ). The next most prevalent type was grass (24%). The PCA scores were related to total pollen counts in different months of the year. 
Principal component analysis
Diurnal and vertical variation
Pollen distribution patterns
In both years, spring was the major pollen season due to high incidence of anemophilous trees such as Holoptelea, Ailanthus, and Morus. (Figure 7A-C open during forenoon, the pollen concentration reached a maximum at 10 am during both years. The pollen grains of some herbs, however, contributed to afternoon pollen catch ( Figure 4A and B). The vertical profile of both years showed a maximum concentration at the ground level, which was a result of accumulation of grass and herb pollen at low levels ( Figure 4C and D) . The meteorological data indicated many rainy days in February 2007, which may have contributed to the unusually low pollen catch during this month. Atmospheric pollen incidence in the prevailing meteorological conditions, monthly averages of overall temperature, and RH in the study area during the two sampling years (2005) (2006) (2007) are presented in Figure 8 . As shown in the figure, temperature levels were higher in the months between April and July and RH levels were highest in the months of July 2006 and February 2007, where these values were more than 90% compared to the other months of both sampling years.
Discussion
The present study reveals very useful information regarding the current scenario of atmospheric pollen grains of Lucknow, along with diurnal, seasonal and annual variation. The data generated from the two-year volumetric survey indicated that qualitative and quantitative concentration of aerospora not only differs seasonally or annually, but also differs diurnally and to some extent vertically. This may be influenced by a number of factors, including meteorological parameters. The survey showed that the airborne pollen incidence of Lucknow was greater in the year 2005-2006 for both pollen types and frequencies than in 2006-2007. In terms of pollen load, spring was the peak season of both years. While in the first year, February showed the highest pollen incidence, in the next year, the peak shifted to March (Figure 7) . Flowering of anemophilous trees created high pollen incidence during spring, many of which were allergenic and significant. 26, 27 Variation of total pollen content occurred due to distinct inter-annual species specific fluctuation of pollen incidence. 28 Analysis of the data showed that during spring of 2005-2006, pollen concentration was much higher due to high pollen incidence of a number of tree species, eg, Morus, Ailanthus and also many species of family Fabaceae, which starts flowering in February. However, in the subsequent year, the pollen incidence of these species was much lower in February as compared to Holoptelea spp. (45%), which flowers mainly in March. Pollen production of certain trees differing from another in a given year may be due to the physiological biorhythm of the particular tree species. This type of variation in pollen incidence among tree species may influence vertical pollen concentration near the site of the pollen source as has been revealed in the present study. The data shows dominance of pollen grains of Morus spp., Ailanthus spp., and Holoptelea spp. along with the tree species of family Fabaceae, which cumulatively affected maximum pollen concentration at a height of 3.048 m during the spring of 2006.
In the next year (2006) (2007) , nearly equal pollen concentrations at ground level and a height of 3.048 m were noted; it was found that the pollen of Holoptelea appeared at both the levels in large amounts. It was also evident from the study that diurnal variability of pollen concentration is significantly related to the pattern of pollen emission and incidence of major pollen contributor of the season. Yang et al also observed that the diurnal pattern was irregular in some plants which produced a smaller pollen quantity than those which produced large amounts of pollen. 29 Therefore, the afternoon pattern of Morus pollen showed the highest concentration at 2 pm in 2006 and the morning pattern of Holoptelea showed maximum pollen accumulation at 10 am in the spring of 2007. These findings provide important information for both patients and physicians for managing pollen allergy, as both the taxa have a hazardous effect on susceptible persons. 27 The second pollen season (autumn), was represented mainly by pollen grains of grasses and herbaceous taxa including Ageratum, Cannabis, Amaranthus (Amaranth), and Chenopodium (Chenopods), which showed more stable airborne incidence in comparison to trees during the two-year survey. Both years' pollen peak was in August, with diurnal periodicity at 10 am in first year and at 10 am and 5 pm in the second year, as some grasses and herbs have late morning or afternoon anthesis.
The relationship between meteorological factors and airborne pollen counts has been studied and discussed by various authors, and interesting interpretations have been made. [30] [31] [32] [33] Teranishi et al, formulated an association of total pollen count increase in accordance with an elevated average temperature of the previous year. 34 As in the present case, the total pollen count may be influenced by the average temperature (22°C ± 0.2°C) of a particular month. This is indicated by a shift in the pollen peak for maximum pollen count from February (2005 February ( -2006 to March (2006 March ( -2007 . Alwadie clearly demonstrated that daily mean and maximum temperature, daily temperature fluctuation, and the number of hours of sunshine have a significant positive effect on pollen count. 5 However, the amount of precipitation and RH negatively influence pollen count. Thus, phenology may not be the only factor influencing the seasonal variation in the total pollen count since this phenomenon is known to be very sensitive to even minor variations in climate, particularly temperature. In the present survey, it was found that the month of July (rainy season) had maximum average RH (91.89%) in 2006, but in 2007, the maximum RH was noted in February (91.29%) due to unusual rain in the early spring, during which a low pollen concentration was observed. Thus, it can be inferred that atmospheric pollen incidence may be negatively correlated with high precipitation and number of rainy days in the month. This fact was also reported by Smart et al, Fehér and Járai-Komlódi, and Alwadie.
5,35,36
The above study showed that aerospora of any given region is a true depiction of the local vegetation, though it is also significantly influenced by various biotic and abiotic factors. Despite the impact of such factors which emerge with the course of time, it has been noted that the prevalent airborne taxa of a certain region primarily remains the same, with few noticeable variations. Studies from previous aerobiological surveys have shown that the prevailing aerospora of Lucknow is predominated by a few wind-pollinated taxa, though variations in their quantitative load cannot be ruled out. 17, 18, 20, 26 Thus, the results of all aerobiological surveys assist in characterizing the dominant aerospora of the region in question. However, seasonal periodicity provides important information for diagnosing allergenic pollen grains causing allergenic symptoms in susceptible persons. The present survey offers additional information regarding volumetric data, which is more accurate for measuring the quantitative concentration of pollen in atmosphere. The current investigation also provides intricate information regarding diurnal and altitudinal concentration, which would be of great help for the susceptible persons to avoid the hazardous exposure and the physician to give proper treatment. Earlier surveys, however provided only seasonal or month-wise concentrations of airborne pollen. 17, 18, 20, 26 Avoiding allergenic pollen is the best method of taking precaution, but this may not be easy for an active person to confine himself indoors for an entire season. The findings of the present survey provide information about the specific period of the day when the outside atmosphere is loaded with maximum concentrations of particular offending pollens; consideration of this information would make it easier for a person to avoid harmful exposure. The detailed data, providing fluctuation in pollen incidence of different species, may be linked with various factors such as pollen production, comparative dominance submit your manuscript | www.dovepress.com of specific taxa in certain year due to physiological factors, and, of course, various prevailing meteorological conditions which offer prerequisites for in-depth study of environment and ecology.
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Conclusion
The study area is the host to a variety of trees, weeds, and grasses that produce copious amounts of pollen grains. Our study found that phenology alone cannot be considered as the sole factor influencing seasonal variation in total pollen count; instead, meteorological factors (temperature and RH), also play a governing role in pollination phenology. Our results showed a positive effect of temperature and negative effect of rain fall, which should be taken into account for a more reliable forecast of both the beginning and main pollen peak emission rate. Early flowering and an average temperature of 22°C ± 0.2°C are factors that positively influence the final yield. A more complete examination of the relationship among meteorological parameters, significant weather events, and year-to-year variation in daily pollen levels was well beyond the scope of this investigation. Further studies are needed to better elucidate the complexities of this relationship and facilitate the development of a predictive model that may enable the forecasting of daily pollen levels, which can be used in allergy prevention centers to predict high-risk periods. The knowledge gained would be invaluable for both the allergy practitioners and the atopic patients. 31 Tephrosia  1  0  0  0  0  0  0  0  0  0  0  0  0  Other Fabaceae  3  12  0  6  71  56  11  6  10  16  4  0  15  Polyad  0  0  0  2  0  2  0  0  0  3  4  3  62  Sesamum indicum  0  0  3  0  0  0  1  0  2 PC2  PC3  PC4  PC5  PC6  PC7  PC8  PC9  PC10  PC11 PC2  PC3  PC4  PC5  PC6  PC7  PC8  PC9  PC10  PC11  PC12 
